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ABSTRACT 


The r.tatus of fivo conventional automobile engine technologies Is as- 
sessed and the future potential for Increasing fuel economy and reducing 
exhaust emissions is discussed, using the 1980 ERA California emissions 
standards as a comparative basis. By 1986, the fuel economy of a uniform 
charge Otto engine with a three-way catalyst Is expected to Increase \Q%, 
while vehicles with loan burn (fast burn) engines should show a 20% fuel 
economy Increase. Althoigh vehicles with strat I f lod-charge engines and 
rotary engines are expected to Improve, their fuel economy will remain In- 
ferior to the other engine typos. When adequate NO^ emissions control 
methods are Implemented to meet the ERA requirements, vehicles with prochamber 
diesel engines are expected to yield a fuel economy advantage of about 15$. 
VIhllo successful Introduction of direct Injection diesel engine technology 
will provide a fuel savings of 30 to 35$, the planned regulation of exhaust 
particulates could seriously hinder this technology, because It Is expected 
that only the smallest diesel engine vehicles could meet the proposed parti- 
culate requirements. 
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INTKOnumON 


Tht' (Mirt'ono of thlf) volumo »>f tho roport I>. fo provide on o>)>j»'if»'»mont 
of fht» stotii'. of convontionol ornilno toehnolotiv o*. currontly used in fho 
<nift>mot'i lo opj't iootltvi ond to indicoto tho fwtur o potontioi for' incroosinti 
fuel »vont>my ond roducinq oyhoiifit oml‘5r.ion‘i hy odvonoinq this ttvhnoloiiy. 
This ov.iluotion oovors uniform chot’510 Ottv> oruilni's usiru] throO"way eot.ilyst 
omission oontroi systems, ioon burn (f»ist hum) uniform ohnrf^o onriinos usitu) 
ivthor omissiiMi'i oontroi t»»ohnoloqy, stratified ohariio eniiinos, diosol oniiinos 
and riitary enqino'.. Current produotlon enqinos .ind advanced dovolopmont 
a>'tlvitl»>s fiif »Moh tMiqine typo are ( ovm’od in detail In Volumes I and II of 
this repor't. This volume Is devoted mainly to a comparison of those five 
types c'vf conventional enqines. 

Our Inq the la*'.t decade, many factor s have helped shape the automotive 
pre>duct which Is heinq produced in Amonq these factors are qovern- 

merit requlation*. to help maintain air quality and oncouraqo ener-qy conserva- 
tlon, fuel availability concerns, and rapidly escalatinq fuel prices. The 
qt'inMMl trends In exhaust <->mis ions and fuel economy requlaticns whict have 
*(h 1 to chanqes in nitomotive techno I oqy In recent years are qlvon in f iqure 
1“1, whiv'h shows that siqnificant reductions In qaseous emissions have been 
achieved, and further fuel economy incr-eases and emisjions reductions are 
required in future years. Of piirticular interest Is tho planned requlatior' 
o' r'xhaust particulate matter, whicii could have a sorious effect on the 
futur’e use of dlesi'l enqines. Althouqh qovernment police appears to be 

shiftinq away from further requiatlons of industry, it is expected that 
present requiatlons will be Implemented, perhaps in a stretchod-out time 
sequence, the fuel economy and emissions requirements In Fiqure 1-1 will 
forTi the basis for the comparisons and projections presented in this report. 
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Igure 1-1. Exhaust Enisslons and Fuel Economy Regulations 



COMPARISONS OF CURRFNT ENG INF TECHNOLOGIES 


This section covers the fuel economy and exhaust emissions results 
for current production vehicles using various engine types. The data Is 
taken from EPA certification and fuel economy data vehicles for the 1900 
model year In California. California vehicle data Is used because current 
California emissions standards are more represontat I ve of future emissions 
requ I rer^*n ts for all states. 

Fuel economy over the composite driving cycle urban driving and 
45f highway driving) Is given as a function of vehicle Inertia weight In 
Figures 2-1 through 2-4 for the different engine types. Data scatter Is 
partially due to the fact that the data represent vehicles with 4-speod 
manual, ^-speed manual, and automatic transmissions, as well as with a range 
of rear axle ratios. Uniform charge Otto engines with three-way catalyst 
emissions control and dieuel engines are found In the full range of vehicle 
weights; however, loan burn (fast burn) and stratified charge engines are 
found only In I I ghter-we I qh t vehicles (vehicle Inertia weights less than 
5,000 lb). The boundary curves around the data are used to represent the 
various engine types In the comparisons which follow. The fuel economy 
characteristic for the prochaml>er diesel erglne Is baseil on the use of 
diesel fuel, while the fuel economies for the other engine types are based 
on gasoline, 

A comparison of the composite fuel economy for various engine types is 
given In Figure 2-5. Vehicles having diesel engines show significant fuel 
economy advantages over vehicles with other engine typos for the full range 
of vehicle Inertia weights. Part of tnis advantage Is a result of the higher 
energy content of a gallon of diesel fuel. Loan burn (fast burn) engines 
show some fuel economy advantage over the uniform charge engines with three- 
way catalyst emissions control. Stratified charge engines show some fuel 
economy advantage In the lightest vehicles (vehicle Inertia weight of 2125 
lb), however, this advantage disappears In the heavier vehicles. 

The previous discussions did not attempt to distinguish between vehicles 
having different levels of performance; however, this Is an Important consi- 
deration In making comparisons of different vehicles. The previous fuel 
economy data Is shown In Figures 2-6 through 2-10 expressed as vehicle Inertia 
weight (IW) times composite fuel economy (MPG) plotted versus horsepower 
divided by vehicle Inertia weight. In these figures, vehicle Inertia weight 
Is expressed In tons. Fuel economy In IW(TON) X MPG Is a measure of vehicle 
efficiency, and HP/ I W( TON) provides a first-order Indication of vehicle 
performance. The data show a significant spread In the fitel economy para- 
meter at a given performance level. 
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Composito Fuol Economy for 1980 Cnlifornia Vohielos Usin(j 
Loon Burn (Fast Burn) Uniform Charge Otto Engines 
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BASED ON ERA DATA FOR 1980 CALIFORNIA VEHICLES 
WITH PRECHAMBER DIESa ENGINES (WITH DIESa FUa) 


VEHICLE INERTIA WEIGHT, LB 


Figure 2-4. Composite Fuel Economy for 1980 California Vehicles Using 
Prechamber Diesel Engines 
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Figure 2-7. Fuel Economy Characteristics for 1980 California Vehicles 
Using Loan Burn (Fast Burn) Uniform Charge Engines w/o 
Three-Way Catalyst 
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Figure 2-9. Fuel Economy Characteristics for 1980 California Vehicles 
Using Prochamber Diesel Engines 


2-10 




Tho fuol nconomy chor.ictnririticr. for +ho viiriou'i ontjino typos oro com- 
parofl In riquro I’-IO. Vohicins with diosol onninos qonorally hovo <i lowor 
■ir'/iWdOM) thon vohiclos poworoi! by n-)solino onqinos# This Indicotor. that 
tho diosol-powornd vohiclos which ;iro rurrontly Isoinii produced and sold have 
lower porformanco than their counterparts. Oiosol engines 
still show significant fuol economy advantages in this plot, oven when com- 
pared at tho came v(*hiole performance level (as Indicated by the llP/IWdON) 
parameter. 

A comparison of the omissions characteristics for various engine 
typos is shown in Figure ?-ll. Solid linos in tho figure represent tho 1980 
Cal ifornia NOy omissions standard and tho Federal NOy omissions research 
goal. All FPA data for 1980 California vehicles with a particular engine 
typo have boon averaged and plotted as a single point in this figure. Tho 
uniform chargo Otto engine with three-way catalyst omissions control provides 
tho lowest NOy omissions of any engine typo. Tho rotary engine data shown 
Is from 1980 FPA tost data. Tho rotary engine Is also equipped with a three- 
way catalyst emissions control system. Although NOy omissions are controlled 
to about tho same level as for tho uniform chargo Otto engine (reciprocating) 
with three-way catalyst omissions control, tho rotary engine shows signifi- 
cantly lowor fuol economy. NOy omissions for tho loan burn (fast burn) 
and stratified chargo engines are somewhat higher, but still well below the 
1980 California standard. Tho proehambor diosol engine has NOy omissions 
of about 1.35 g/mi, which is higher than the 1980 California standard, 
niesoi engine fuol economy Is shown based on diesel fuol and also based on a 
gasoline equivalent basts so that energy efficiency comparisons can bo made. 

Comparisons of tho MC and CO omissions characteristics for the various 
engine typos is shown In Figure 2-12. Tho solid linos represent tho 1980 
California omissions standards. All engine types moot those requirements 
with margin. Diesel engines tend to have lowor CO emissions and higher HC 
omissions than the gasoline engine typos considered. 

As previously mentioned, prechamber diesel engines currently In produc- 
tion have difficulty meeting tho 1.0 g/mi NOy omissions requirement. Tho 
ability of diosol engines to meet tho proposed 0.2 g/mi particulate omissions 
regulation (in 1985) is also a major open issue. The general trends of 
particulate and NOy omissions for prechamber diesel engines are shown in 
Figure 2-13. The emissions characteristics for current production vehicles 
are represented by the right-hand termination points of the curves. Both 
NOy and particulate emissions increase significantly with Increasing vehicle 
Inertia weight. This figure shows the relationship between particulates 
and NOy emissions, which are reduced through the use of exhaust gas recir- 
culation (EGR) and modified injection timing. In this case, reductions in 
NOy emissions are accompanied by Increases In particulate emissions. As 
shown in this figure, only vehicles with inertia weights less than 2000 
lb can meet both the 1.0 g/mi NOy emissions requirement and the 0.2 g/ml 
part Icu late emissions level simultaneously, using present diesel engine 
technology. Significant efforts are underway to develop combustion system 
modifications and/or fuel modifications to lower diesel engine particulate 
and NOy emissions. However, In the near term, some form of exhaust treatment 
will probably be required for the prechamber diesel engines to meet the 0.2 


IW fton) X ^'APG^-q^POSite 



PLOTTED POINTS REPRESENT AVERAGE VALUES OF EPA DATA FOR 
1980 CALIFORNIA VEHICLES WITH EACH ENGINE TYPE 


O UNIFORM CHARGE OTTO ENGINE WITH 
THREE-V/AY CATALYST 

V lean burn (FAST BURN) UNIFORM 
CHARGE W/O THREE-WAY CATALYST 

A STRATIFIED CHARGE OTTO ENGINE 


□ PRECHAMBER DIESEL ENGINE 

■ prechamber diesel engine (MPG 

EXPRESSED AS GASOLINE EQUIVALENT) 
• ROTARY ENGINE 


Figure 2-11. Comparison of the NOj^ Emissions Characteristics for Various 
Engine Types 
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PLOTTED POINTS REPRESENT AVERAGE VALUES OF EPA DATA FOR 
1980 CALIFORNIA VEHICLES WITH EACH ENGINETYPE 
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I inure 2-12. Comparison of the 1C and CO (’missions Characteristics for 
Various Ennino Typos 
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Figure 2-13. CVS-CH Particulate Emissions vs. 

Emissions for Light-Duty Diesel Vehicles 
with Inertia Weights Ranging from 2250 lb 
to 4500 lb 


2-15 



q/ml partl^'ulatH omission*; ro<]iiliitl*)n, Tho most pr»)mlslnq oftyr-tr o.itmont 
dovloo is tho roqonorot I VO p.irtlculiito trap. 

A (!»)mp,irlson of tho avoraqo fuol oronomy cliarartorlstlos for vohielos 
with various onqino typos Is shown In f Iquro ?-14, luol oconomy Is oxprcisswi 
In torms of tho paramotor which Is doflnorl as tho protIuivT of vohicio Inor- 
tla wolqht In tons and tho composlto fuol ononomy in MfHl. This fuol Ovrotujmy 
paramotor Is plotted versus tho vohicio porformanco paramotor, HP/IW(TON). 
I arh plotted point roprosonts tho avoraqo of all H’A data for lOhO California 
vehicles with a qlvon enqino typo and with valuos of tho vohiolo porformanco 
paramotor within a h-unit Intorval (o.q., tho tuoI oconomy paramotors for all 
vohlcioswlth prochamhor diosol onqinos and with HP/IW(TON) valuos h(itwor»n 
hh and hO are avoraqod and plotted as a sinqio point in this f Iquro). To 
provide a basis for comparison, a linn is drawn to roprosont tho avora»|o of 
tho data points for vohiclos havinq uniform oharqo Otto onqinos with throo- 
way catalyst f>missions control systems. Tho throo points with tho hlqhost 
MT’/IW(TON) valuos woro not Included In this avoraqlnq process because they 
roprosont hlqh porformanco sports vohiclos. Also shown aro linos reprosontinq 
tho upper and lower bounds of tho data for vohiclos havinq uniform charqo Otto 
onqinos and throo-way catalyst omissions control systems. A second scalo is 
Included to show tho poreont deviation In tho parameter /3, relative to tho 
basolino avoraqo for vohiclos with uniform charge Otto engines and throo-way 
catalyst omissions control systems. 

fiomo general conclusions regard I aq tho rolatlvo merits of current onqino 
techno I ogl 05 can bo roachod by comparing tho avoraqo data In F Iquro 2-14. 
Vohiclos with loan burn (fast burn) uniform charge engines which do not utll- 
I;i*o throo-way catalyst emissions control systems have a fuol economy paramotor 
^ which is 105^ highor than the basolino system. Data for vohiclos using 
stratified charqo Otto engines give valuos about 5)5 loss than tho basolino 
system. Vohiclos with diosol engines show /3 values about 50 % higher than 
tho basolino, whon tho ^ Is calculated using diesel fuol. When tho diosol 
vehicle fuel oconomy Is expressed In gasoline equivalent MPG, tho diosol fuol 
economy paramotor /3 1 s "50 to 40^ higher than tho basolino. However, It should 
bo rocal lod (soo Figure 2-11) that tho diosol vohiclos shown hero produced 
omissions greater than 1.0 g/ml, Tho NOj^ omissions lovels tor those diosol 
vehicles are approximately two times as high as tho NOy omissions lovols for 
tho other engine typos. Tho fuel economy advantage shown for the diosol 
vohiclos In Figure 2-14 would bo reduced If tho diosol engines were calibrated 
to moot tho 1.0 g/ml NO^ omissions roqulromont. 
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Figure 2-14. Conparlson of the Average Fuel Econony Characteristics Var 
Engine Types 



SECTION 3 




FUTURE POTENTIAL FOR VARIOUS ENGINE TECHNOLOGIES 


This section will provide a comparison of the status of current con- 
ventional engine technologies and Indicate the future fuel economy potential 
of each engine type. The comparisons are made under the assumption that the 
1980 Cal Ifornia gaseous emissions standards remain In effect and that the 
proposed particulate amissions standards are Implemented as planned. Esti- 
mates of the future potential of each engine type are based on the use of 
technology which can be Implemented on production vehicles by 1986. 

Estimates of the fuel economy of vehicles with various engine typos are 
shown In Figure 3-1. Fuel economy Is given In terms of the fuel economy 
parameter with the vehicle Inertia weight expressed In tons and the MPG 
being expressed In gasoline equivalent units. Fuel economy values for vehi- 
cles utilizing 1980 engine technology are taken from Figure 2-14 for vehicles 
with a performance parameter (HP/IW) of 57.5. This value of performance 
parameter was selected because It Is representative of many 1980 production 
vehicles (see Table 3-1) Including vehicles powered by each engine type con- 
sidered In this study, with the exception of the rotary engine which Is used 
In only one vehicle having a HP/IW(T0N) value of about 73. As previously 
mentioned, the 1980 diesel vehicles did not. In general, meet the 1.0 gm/ml 
NOx emissions requirements and In that sense are not equivalent to vehicles 
powered by the other engine typos. 

Fuel economy estimated for vehicles using 1986 engine technology are 
based on projected advances In current conventional engine technologies and 
the Introduction of direct Injection diesel engine technology. The 1980 
uniform charge Otto engine with three-way catalyst emissions control Is se- 
lected as the baseline system, with estimated fuel economy Improvements being 
measured against this base. 

By 1986, the fuel economy of vehicles with the advanced baseline engine 
system (I.e., uniform charge Otto with three-way catalyst) Is expected to 
Increase by about 10^ duo to dvances In the baseline engine technology. These 
ad'^ances will Include continued development of alr-fuol control systems which 
are more suited to closed-loop, three-way catalyst emissions control. As 
microprocessor-based control systems find wlcer use on future vehicles, more 
optimization of engines will be made to Improve fuel economy by monitoring 
and controlling engine variables (e.g., spark timing, EGR, secondary air, 
alr/fuel ratio) while at the same time maintaining low emission levels. 

Continued progress In understanding lean combustion processes (e.g., 
flame Initiation, flame propagation, and turbulence control In the combustion 
chamber) and practical ways of achieving a fast burn In engines Is expected 
to result In a Increase In fuel economy by 1986. This estimate assumes 
taking advantage of the tolerance of fast burn engines to Increases in compres- 
sion ratio. This assumption depends on the continued availability of fuels 
with properties (e.g., octane rating) similar to 1980 gasoline fuels. It 
Is expected that engine compression ratio can be Increased from 8.5, which Is 
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Tafaie 3-1. 19S0 Production Vehicles with Perfornance ^araneters of AboiJt 57.5 
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typical of l‘)BO burn otnilno*'., to obrut 11\0. A plot showini) tho ostl- 

m.itO‘1 Inomoisof; In otpilno offlcloncy which can bo achiovod by incroasos In 
compri^f.slon ratio and loanor oporation Is (ilvon In Pljiuro Chanty I ntj from 

r.to I ch I ormvfr ! c oporation at a eomprossU'n ratio of 8,h to oporatini) with 
oxeoss air at a cc«nprossIon ratio of l?.0 loads to an osttmatod Incroasn 
In ofujlno offlcloncy, llso of ftilt rathor than oxcosj air as a dlliiont iias 
won hi roduco thl«', potential qain In offlcloncy, Purthor Incroasos In onqlno 
offlcloncy aro possiblo with rodiictlonr, In tho combustion Interval throuqh 
Imrovomonts In tho fast burn charactorlstlcs of this onqlno typo. Cons I dera- 
tion of thoso factors loads to tho Ihjl! ostimatod Incroaso In fuol oconomy. 

With tho Introduction of oxidation catalyst systems on proohamhor strati- 
fied charqo onqinos, It Is expected that further optimisation of onqlno varl- 
ahlos (o,q., spark timinq, alr/fuol ratio) to achlovo hotter fuol oconomy 
will result In a 10^ Improvomont In fuol economy ovor IbBO vohlclos uslnq thoso 
onqinos. Althouqh dovolopmont of tho open chamber sfratiflod charqo onqlno 
has slowed, another 10^ qaIn In fuol oconomy would result If It Is used In 
ihRb vohlclos. 

Introduction of concepts from current experimental rotary onqlno dovolop- 
mont acrivltlos should yield a Incroaso in the fuol oconomy of vohlclos 
with rofary onqinos hy This would make tho rotary onqlno n«ro compotl- 

tlvo with conventional roclprocatl nq onqinos from tho fuol oconomy standpoint. 

As previously mentioned, l‘)80 d lose I onqinos woro not ablo to moot tho 
California omissions standards and roqulrod walvors to continue thoir salos 
In that stato. If diosol onqinos aro permitted to contlnuo mooting tho 2.0 
q/ml omissions level rathor than tho 1.0 g/ml N0>^ standard, a 10!? qain 
In fuol oconomy Is oxpoctod duo to tho Introduction of more diosol onqlno 
designs (I.o., not diosols derived from gasoil no onginos) and an Incroasod 
uso of turbocharging. If diosol onginos aro required to control NO^ omis- 
sions to tho 1.0 g/ml lovol through tho uso of EGf^ or Injection timing retard, 
this will Impose about a lb;? penalty In fuol oconomy, making tho prochambor 
diosol about equivalent to tho advanced loan burn (fast burn) system. 

Successful Introduction of direct Injection diosol onglno technology 
will provide an additional 10^ Incroaso In fuel oconomy over that of pro- 
chambor diesel onginos. This fuel economy advantage of direct Injection 
diosol onqinos of tho automotive size has boon successfully demonstrated In 
somo current experimental diesel engine programs. To moot tho 1.0 g/ml 
omissions level would also result In a 155? fuel oconomy for the direct Injec- 
tion diesel. It Is expected that only the smallest vehicles (I.e., Inertia 
weights loss than 2250 lb) with prechambor or direct Injection diosol engines 
could meet tho 0.2 g/ml particulate omissions level. 

As a summary of the Information contained In Figure 3-1, estimated 
mileages for two vehicle weights are given In Table 3-2. These results repre- 
sent estimated average mileages for vehicles with tho various engine typos 
In the weight and power ranges Indicated. 





Table 3-2. Summary of Estimated Vehicle Fuel Economy 
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